Purpose Approximately 5% of patients with spinal tuberculosis will develop a severe kyphotic deformity resulting in increased potential for pain, spinal cord compression, cardiopulmonary dysfunction, costopelvic impingement and cosmetic concerns. This manuscript reviews the evaluation and surgical management of tuberculous kyphosis. Methods This is a review article. Results Risk factors for the development of severe kyphosis include those who develop spinal tuberculosis as children, multiple vertebral body involvement and thoracic spine involvement. These complications can be prevented by early diagnosis and treatment of spinal tubercular lesions at stages with little to no deformity. When tubercular lesions result in progression of kyphosis to more than 50 degrees, the deformity should be surgically corrected to avoid problems associated with sagittal imbalance. There are several operations described for the treatment of kyphosis secondary to tuberculous spondylitis. The type of the operation depends on the magnitude of correction required. Conclusions Anterior, posterior and combined techniques as well as osteotomies and vertebral column resection have been described to correct spinal alignment and restore sagittal balance.
Introduction
Spinal tuberculosis is one of the most common world-wide causes for development of a kyphotic spinal deformity [1] [2] [3] [4] [5] [6] [7] .
On average, patients with spinal tuberculosis treated nonsurgically show an increase in deformity of about 15 degrees [4] , and approximately 5% of patients will develop a severe kyphotic deformity resulting in pain, spinal cord compression, cardiopulmonary dysfunction, costopelvic impingement and cosmetic concerns [2] [3] [4] . While the risk of significant progression in the healing stages of the disease is low in adults, in children, spondylitic kyphosis continues to increase with growth even after the tuberculous lesion has healed [3] [4] [5] [6] .
The worst complication of a progressive kyphotic deformity is a progressive neurological deficit or paraplegia. Neurological complications can be related to the disease itself or the progression of deformity after the disease has healed [8] . Patients who develop paraplegia early in the active stages of tuberculosis require aggressive treatment including chemotherapy and surgery [9] . These patients do better than those who develop paraplegia years after the initial disease has healed. Late paraplegia is prevented by restricting the progression of kyphosis with early stabilisation surgery [8] . Surgical treatment of the lesions involves debridement and reconstruction of the normal sagittal plane alignment of the spine. Surgery is indicated if the lesions are not responding to antibiotics, if there is severe and/or progressive kyphosis, or a developing neurological deficit [1, 2] . There are several techniques described for the treatment of tuberculous spondylitic kyphosis and this review focuses on the indications and outcomes of these techniques.
Risk factors for deformity progression
It is certainly easier and less risky to surgically stabilise a progressive kyphotic deformity in the earlier stages when the magnitude does not require osteotomies or anterior releases to effect deformity correction. It is therefore valuable to identify risk factors which may lead to the development of a severe kyphotic deformity. Rajasekaran identified radiographic signs of instability in paediatric patients with spinal tuberculosis being treated with chemotherapy [5] . These signs included facet dislocation, retropulsion of the diseased fragments, lateral vertebral translation and toppling of the superior vertebra. These signs can help identify patients who are at risk for deformity progression of more than 30 degrees and a final deformity of over 60 degrees.
In a later study by the same group, 61 children under age 15 years with tuberculous spondylitis were followed up to identify risk factors for deformity progression. All demonstrated an increase in deformity during the active disease phase, and 26 continued to progress during the quiescent phase until the growth was complete. In 21 of those 26, there was an increase in angular kyphosis with a final deformity less than 90 degrees. In the other five, the deformity was greater than 100 degrees and associated with facet dislocation and sagittal rotation of the vertebral segments resulting in horizontal vertebrae with vertical growth plates. Risk factors for this "buckling collapse" effect included an age of less than seven years, thoracolumbar involvement, loss of more than two vertebral bodies, and presence of radiographic signs of instability [6] . These patients should be carefully observed with surgical intervention performed before any large increase occurs in the magnitude of the deformity [6, 10] .
Overview of surgical treatment
Indications for surgical management of tuberculous spondylitic kyphosis include lack of response to antibiotics, severe and/or progressive kyphosis, or a developing neurological deficit [1, 2] . Surgical correction of deformity requires instrumentation of the infected spine which has not been shown to create a nidus for persistent infection when combined with radical debridement and anti-tubercular chemotherapy [11, 12] . In general, debridement is performed anteriorly as the pathology is typically located in the vertebral bodies. In addition, anterior debridement is essential in cases of neurological impairment, multilevel involvement or severe abscess formation [13, 14] . Anterior debridement may be followed by anterior reconstruction with bone graft and either anterior or posterior instrumentation [2, 7, 12, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] . For larger degrees of kyphotic deformity (greater than 80 degrees of kyphosis) and stiffer curves (less than 25% flexibility), several types of osteotomies may be helpful in increasing curve flexibility [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
Anterior debridement and uninstrumented fusion
The success of anterior debridement followed by an uninstrumented fusion has been shown to be inversely correlated with the length of the reconstruction. In an eight year follow-up of 81 patients with spinal tuberculosis treated by anterior debridement and anterior arthrodesis, 59% of the patients demonstrated sagittal plane stability at final follow-up with little additional kyphotic progression. These patients demonstrated minimal bone destruction requiring limited surgical debridement and a short rib autograft for deformity correction. Forty-one percent had fair to poor results, poor results were associated with more extensive vertebral disease requiring aggressive debridement with longer grafts (spanning more than two disc spaces). Poor results were also seen with thoracic vertebral involvement and significant preoperative kyphosis. Graft migration or resorption often occurred in these situations, with longer grafts more likely to fail [7] . These longer reconstructions probably should be supplemented by instrumentation.
Anterior debridement followed by anterior or posterior instrumentation
Several reports have shown good to excellent results with anterior decompression followed by either anterior or posterior instrumentation [12, 15, 17, 19-23, 38, 39] . Yilmaz et al. reported on 38 patients with spinal tuberculosis and moderate to severe kyphotic deformity with anterior decompression, strut grafting using either rib or iliac crest autograft or fibular allograft, and anterior instrumentation with vertebral screws and connecting rods [12] . Twenty-two patients with less than three involved vertebrae had a mean deformity correction of 64%, and 16 patients with multilevel disease had an average correction of 81%. These corrections were maintained at a minimum of two years follow-up. Zhao et al. treated 40 patients with spinal tuberculosis with anterior debridement and iliac crest bone graft with onestage anterior or posterior instrumentation [23] . At a mean follow-up of 22 months, 92% of patients with a neurological deficit had good to excellent results with a mean 16 degree correction of kyphosis and a 90% fusion rate. Similarly, Benli et al. reviewed 63 patients with spinal tuberculosis who underwent anterior debridement with anterior fusion and anterior instrumentation. At an average follow-up of 51 months, good correction of kyphosis was achieved and 80% of those with neurological dysfunction had full recovery [15] . Bone grafting with structural allograft had been shown to be safe when a radical debridement had been done. It was also effective with a greater than 95% fusion rate [20] .
Case series in the literature examining anterior decompression followed by posterior decompression and fusion have also shown excellent results in terms of fusion rate and neurological recovery [17, 21, 22] . Huang et al. reported on 15 patients with spinal tuberculosis treated by anterior decompression, bone grafting, posterior instrumentation, and fusion [17] . At 30 months follow-up, patients demonstrated an improvement in kyphosis of 13 degrees and neurological improvement by one Frankel grade [40] . Similarly, Zhang et al. reported on 23 patients who underwent anterior debridement, strut autografting, and posterior instrumented fusion for multilevel tuberculous spondylitis [22] . Antituberculosis chemotherapy was continued for 18 months. They achieved a 24-degree correction in kyphotic deformity, and 19 patients with a neurologic deficit improved approximately one Frankel grade. Fusion rate was 100%.
Transpedicular approach
Transpedicular decompression is an appealing approach as it allows for access to both the anterior and posterior aspects of the spine through a single incision [41] . Chacko et al. reviewed 11 patients with tuberculous spondylitis treated via a transpedicular approach. None of the patients developed worsening of their neurological status or degree of kyphosis. Over 90% returned to functional activity [16] . Lee et al. reported on seven patients who underwent this approach; all obtained fusion with improvements in kyphosis and Frankel grade. However they suggest that this technique may not be as effective for larger degrees of vertebral column destruction as those cases may require a formal anterior debridement with bone graft reconstruction [18] .
Posterior-only approach
In certain cases, a posterior-alone approach without decompression has been advocated as an alternative to anterior debridement. Guven et al. reported on ten cases of tuberculous spondylitis treated with single stage posterior instrumentation and fusion without anterior debridement. Anti-tuberculous chemotherapy was continued for 11 months. At two years follow-up, good correction was observed with a 98% fusion rate and only 3.4-degree average loss of correction at final follow-up. However, this approach alone cannot be used in cases of neurological deficit, anterior abscess formation or multilevel involvement where an anterior debridement is mandatory [13] .
Osteotomies and vertebral column resection
In many cases, the kyphotic segment is too rigid to correct without performing osteotomies to increase spinal column flexibility [24, 25, 27-30, 32, 35, 37, 42, 43] . Transpedicular decancellation osteotomy (pedicle subtraction osteotomy) can allow a 20-30 degree correction of kyphotic deformity at a single level [26, 27, [42] [43] [44] . However, these procedures have a high complication rate including neurological injury and bleeding [45] . Bezer et al. reported on a five-year follow-up study of 16 patients with tuberculous kyphosis who underwent pedicle subtraction osteotomy. Mean preoperative kyphosis of 30 degrees was corrected to 12 degrees.
Forward sagittal balance was reduced from 68 mm to 12 mm. All patients achieved fusion and none had neurological complications [24] . Similarly, others have observed excellent Fig. 1 Eight-year-old boy with spinal tuberculosis treated medically. He developed a progressive severe kyphosis and bilateral leg weakness. a Clinical appearance preoperatively demonstrating skin breakdown over the gibbus deformity. b Lateral radiograph shows sharp (140 degree) angular deformity of the thoracolumbar spine with spinal cord compression. c Appearance after decompression and vertebral column resection. d Lateral radiograph shows anterior cage support with bone graft and posterior instrumented fusion. e Clinical appearance postoperatively deformity correction (kyphosis reduction to under 50% of the preoperative magnitude) and high fusion rates with pedicle subtraction osteotomy [29, 30] .
Severe rigid deformities (with flexibility less than 25% and magnitudes exceeding 80 degrees) may require more extensive resection techniques to effect correction of kyphosis and sagittal balance [44, [46] [47] [48] . Vertebral column resection is very effective in accomplishing translation of the spinal column in rigid deformities [46] (Fig. 1) . Figure 1 shows an eight-year-old boy with spinal tuberculosis treated medically. He developed a progressive severe kyphosis and bilateral leg weakness. Clinically, he demonstrated skin breakdown over the gibbus deformity. Radiographically, there was evidence of sharp (140 degree) angular deformity of the thoracolumbar spine with spinal cord compression. Posterior decompression and vertebral column resection were performed allowing for good deformity correction. This procedure may be done from an anterior-posterior or single posterior approach [26, 31, 33, 34] . It is a technically demanding surgery with high risk for neurological injury, especially when performed in the thoracic spine in patients with preoperative spinal cord compromise [26, 33, 34] . Care must be taken to avoid spinal shortening greater than one-third of the vertebral segment to avoid deformity to the dural sac and spinal cord buckling and ischemia [49] .
Wang et al. treated nine patients with tuberculous kyphosis with a lateral kyphotic angle of greater than 90 degrees combining transpedicular eggshell osteotomies and multilevel vertebral column resection through a single posterior approach [36, 50] . Mean preoperative kyphosis of 100 degrees was corrected to 16 degrees. All patients achieved fusion [36] . Deng et al. reported on 34 patients with tuberculous kyphosis treated by vertebral resection. Good to excellent outcomes were obtained in 32 patients. Kyphosis improved from 58 degrees preoperatively to 11 degrees postoperatively. Of 19 patients with preoperative neurological deficits, 17 demonstrated improvement by more than 1 ASIA grade. Ten patients had questionable pseudoarthroses [28] .
Treatment algorithm
Surgical management of tuberculous spondylitic kyphosis is indicated if there is a lack of response to antibiotics, severe and/or progressive kyphosis, or a developing neurological deficit. Debridement is generally performed anteriorly as the pathology is typically located in the vertebral bodies. Anterior debridement is essential in cases of neurological impairment, multilevel involvement or severe abscess formation. Debridement may be followed by anterior reconstruction with bone graft and either anterior or posterior instrumentation. For larger degrees of kyphotic deformity (greater than 80 degrees of kyphosis) and stiffer curves (less than 25% flexibility), posterior osteotomies may be helpful in increasing curve flexibility. Multilevel Ponte osteotomies can achieve five to ten degrees of correction per level while pedicle subtraction osteotomies or vertebral column resection can create greater than 30-40 degrees of correction. Neuromonitoring is essential for these cases as is the ready availability of blood transfusion.
Conclusion
A severe kyphotic deformity developing from spinal tuberculosis often requires surgical treatment to eradicate infection, restore alignment and reduce pain. Anterior debridement has traditionally been the procedure of choice to debride infected bone and soft tissue and decompress neural elements. Stability can be achieved by either anterior or posterior instrumented fusion with little increased risk of infection. When tubercular lesions result in progression of kyphosis to more than 50 degrees, the deformity should be surgically corrected to restore sagittal balance. The choice of operation depends on the magnitude of correction required with posterior multilevel Ponte osteotomies and fusion or anterior releases followed by anterior or posterior spinal fusion performed in the majority of cases. Pedicle subtraction osteotomies or vertebral column resection are indicated for more severe, rigid deformities which correct to less than 25%. While these are extremely powerful correction techniques, they carry significant risk of neurological injury and blood loss and should therefore be performed by surgeons proficient in these techniques at specialised centers.
